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vAbstract
Nitrogen nonutilizing mutants were used to assess vegetative compatibility of 58 isolates
of Cercospora kikuchii, 55 of which were isolated from soybean plants in Louisiana. Only 16 of
56 self-compatible isolates were assigned to six multi-member vegetative compatibility groups
(VCGs), 01-06, with two or three isolates in each VCG.  The other 40 isolates were not
vegetatively compatible with any isolates other than themselves.  All six multi-member VCGs
contained isolates from different soybean cultivars, and three included isolates from different
locations. Only one VCG included isolates both from soybean leaves and from seeds, while two
and three multi-member VCGs included isolates only from leaves or from seeds, respectively.
Population structure of C. kikuchii was further examined in 164 isolates, 161 of which
were from Louisiana, with random amplified polymorphic DNA (RAPD) and microsatellite-
primed PCR (MP-PCR). All isolates in the VCG study were included. Based on analysis of
molecular variances, isolates from different host cultivars or different locations in Louisiana
were not significantly different, but the Louisiana population was significantly different from
isolates collected outside the state. Leaf and seed populations were significantly different. In the
clustering analysis, isolates from Louisiana were grouped into four lineages, clades A-D. Clades
A-C were further grouped into a large clade (ABC) with moderately strong bootstrap support.
Clade B was the most dominant lineage in Louisiana. Only seven isolates from Louisiana were in
the lineage, clade D, that included all three isolates from outside sources. Multilocus gametic
disequilibrium tests did not reject the null hypothesis of random mating in clade B, but it was
rejected in Clades A and D and the total collection. Some isolates within a VCG were closely
related, but isolates within a VCG were not clustered together according to VCG in general.
vi
  Representive isolates in clades A, B, and D were used to screen six commercial soybean
cultivars, HBK R5588, AG5701, DP 5806 RR, TV59R85, SS RT 6299N and DP 6880 RR.
Cultivars AG5701 and TV59R85 were significantly more resistant than other cultivars, and
cultivar DP 6880 RR was most susceptible. Clade D was significantly more virulent than the
other two lineages.
1Introduction
2Literature Review
Soybean.  Soybean (Glycine max (L.) Merr.) is an important crop in the United States
and many countries around the world. It was domesticated by farmers in the eastern part of North
China during the Shang dynasty (1559-1027 B.C.), or perhaps earlier, and was introduced into
the United States in 1765 (Hartman et al. 1999). During 1995 and 1996, soybean was grown in at
least 47 countries; annual production was 124 million metric tons (Hartman et al. 1999). Major
areas of soybean production are in temperate and subtropical regions, and the major producers
include the United States (47%), Brazil (19%), China (11%), and Argentina (10%) (Hartman et
al. 1999). Soybean seeds are used primarily as a source of vegetable oil and protein.
Soybean cultivars require a specific length of dark period to flower (Hartwig 1973), and,
based on their response to photoperiod, they are divided into 13 maturity groups designated 000,
00, 0 and I to X. Those cultivars with the shortest dark period requirements (group 000) are
grown in the northern-most latitudes in Canada. Soybean germplasm that is moved from low
latitudes to high latitudes may not flower, and movement of germplasm in the opposite direction,
without artificial manipulation of photoperiod, will produce small plants with few seeds.  Most
cultivars within maturity groups are adapted for full-season growth in a band of latitude no wider
than 160 to 240 km (Hartman et al. 1999). Soybean seeds require a moisture content of 50% to
germinate. Soybean flowers over a 3- to 4-week period and can tolerate short periods of moisture
stress, but adequate moisture is required during pod-filling stages.
Cercospora leaf blight and purple seed stain.  Cercospora kikuchii (Matsumoto &
Tomoyasu) M. W. Gardner infects leaves, stems, and pods of soybean (Glycine max (L.) Merr.),
where it causes purple seed stain and Cercospora leaf blight (Matsumoto and Tomoyasu 1925,
Suzuki 1921, Walters 1980). Purple seed stain of soybean was first reported in Korea in 1921
(Suzuki, 1921), and later Matsumoto and Tomoyasu (1925) demonstrated that it was caused by a
3then undescribed fungus which they named Cercosporina kikuchii, now Cercospora kikuchii
(Matsumoto and Tomoyasu) Gardner. This disease was first observed in the United States in
1924 (Gardner 1926). It now has a worldwide distribution. Purple seed stain is conspicuous and
easily distinguished. It is characterized by irregular blotches varying from light to dark purple
and ranging from a tiny spot to the entire area of seed coat (Murakishi 1951). Besides reducing
the quality of soybean seeds, this disease can also reduce germination rate and weaken seedlings
(Lehman 1950, Murakishi 1951, Wilcox and Abney 1973, Pathan and Sinclair 1989).
Soon after the seed symptoms were first described, researchers noticed that C. kikuchii
caused symptoms on hypocotyls, leaves, stems, petioles as well as on pods and seeds (Jones
1968, Kalpatrick 1956, Lehman 1950, Matsumoto and Tomoyasu 1925, Murakishi 1951), but
most published reports focused on purple staining of soybean seeds. It was Walters (1978, 1980),
working in Arkansas, who first reported Cercospora leaf blight as a disease occurring under field
conditions. Symptoms of Cercospora leaf blight are observed at the beginning of and throughout
seed set.  Reddish purple, angular-to-irregular lesions occur on upper leaves exposed to sunlight.
Numerous infections cause rapid chlorosis and necrosis of leaf tissue, resulting in defoliation.
Cercospora leaf blight is an economically important disease and can cause substantial yield loss.
Losses in the United States were estimated at 130.5 million bushels in 1978 and 18.4 million
bushels in 1979 in 15 southern states (Sturgeon 1979, 1980). In Brazil, 15-30% yield losses were
reported (Hartman et al. 1999).
Walters (1980) screened 10 soybean cultivars for resistance/susceptibility to C. kikuchii.
Based on greenhouse inoculations, he reported that all cultivars were susceptible to leaf blight,
but cultivars Davis and Lee74 were moderately susceptible, and cultivar Tracy was slightly
susceptible. He found that C. kikuchii isolates from seeds, leaves, petioles, and stems caused
4similar leaf blight symptoms on cv. Forrest, indicating that leaf blight and purple seed stain are
caused by similar isolates of the fungus.  He also reported that cv. Hood 75 was resistant to
purple seed stain but susceptible to Cercospora leaf blight. Orth and Schuh (1994), who screened
17 soybean cultivars in greenhouse and field trials, also reported that incidences of purple seed
stain were unrelated to disease severity in the foliage.
The pathogen. C. kikuchii growth on agar media is uniformly dense with folds radiating
from the center. Colonies are white on the edge and light grayish-olive toward center. It usually
produces a characteristic red purple color that diffuses into media (Murakishi 1951, Hartman et
al. 1999).
  C. kikuchii can be readily isolated from infected soybean tissues. It sporulates abundantly
on infected plant tissue under conditions of high humidity and temperatures of 23-27 oC
(Murakishi 1951). Conidia are hyaline, acicular, multiseptate, straight to curved, base truncate,
and 2.5-5 x 50-375 _m (Chupp 1954). Conidiophores are normally facile, brown, uniform in
color or pale in the tip, multiseptate, not branched, and 4-6 x 45-220 _m (Chupp 1954). Although
abundant sporulation on infected soybean tissue has been consistently observed, C. kikuchii does
not sporulate well on many artificial media, and light and senescent soybean plant tissue
enhances sporulation (Chen et al. 1979, Vathakos and Walters 1979, Yeh and Sinclair 1980).
The pathogen can survive in infected seeds and in surface debris in the field for extended
periods (Jones 1968, Kilpatrick 1956). Kilpatrick (1956) isolated the pathogen from infected
soybean stems 42 months after harvest. Weeds may provide alternative means of survival.
McLean and Roy (1988) isolated C. kikuchii from symptomless weeds and then obtained
characteristic symptoms upon inoculating soybean leaves and pods.
5There are more than 3,000 named species in the genus Cercospora (Pollack 1987). Most
of them have no known sexual stage, although a Mycosphaerella teleomorph has been identified
for a few (Chupp 1954, Corlett 1991). There is no known sexual stage of C. kikuchii.  Parasexual
recombination probably is the only known means by which reassortment of genetic material can
occur.
Cercosporin and its role in pathogenesis.  C. kikuchii produces a red purple pigment.
Kuyama and Tamura (1957) first isolated this pigment and named it cercosporin.  Lousberg et al.
(1971) and Yamazaki and Ogawa (1972) independently characterized this pigment and
determined its structure to be 1,12-bis(2-hydroxypropyl)-2,11-dimethyl-6,7-methylenedioxy-4,9-
dihydroxyperylene-3,10-quinone (C29H26O10).  Since then, cercosporin has been isolated from a
large number of Cercospora species (Assante et al 1977, Balis and Payne 1971, Fajola 1978,
Lynch and Geoghegan 1977, Mumma et al 1973, Venkataramani 1967) and Cercospora-infected
plants (Fajola 1978, Kuyama and Tamura 1957, Venkataramani 1967).
Cercosporin is a photosensitizing toxin that absorbs light and transfer the ennergy to
oxygen, producing singlet oxygen (1O2) and superoxide ions (Hartman et al 1988). During light
exposure, cercosporin is converted to an electronically-activated triplet state (3S). If reducing
compound is present, the activated cercosporin reacts with oxygen through radical reaction to
produce superoxide ions. Alternatively, it may react directly with oxygen by an energy transfer
process yielding extremely toxic, electronically excited singlet state oxygen (1O2). Evidence
suggests that 1O2 formation is the major mechanism by which cercosporin exerts its toxicity
(reviewed in Daub and Ehrenshaft 1997).
Cercosporin plays a critical role in the ability of C. kikuchii to infect soybean plants.
Mutants of an isolate of C. kikuchii that did not produce cercosporin failed to induce symptoms
6when inoculated onto soybean plants (Upchurch et al 1991). Cercosporin also plays an important
role in other disease caused by cercosporin-producing Cercospora species. Cercosporin-treated
sugar beet leaves showed typical necrotic spots and electron microscopy showed similar
membrane damage as in C. beticola-infected sugar beet leaves (Steinkamp et al 1981). Light
intensity and day length were strongly correlated with disease severity caused by Cercospora
species in coffee (reviewed in Daub and Ehrenshaft 1997), banana (Calpouzos 1966), and sugar
beet (Calpouzos and Stalknecht 1967).
Objectives of this Study
Cercospora leaf blight has been severe in Louisiana since 1998. However, little is known
about the population structure in the pathogen. For example, are there distinct lineages in C.
kikuchii? If yes, do soybean cultivars react differently to isolates in different lineages? What
promoted recent epidemics of this disease in Louisiana? In that incidence of purple seed stain is
unrelated to severity of Cercospora leaf blight in some cultivars, are there genetic differences
between leaf and seed populations of C. kikuchii? What are the compositions of vegetative
compatibility groups in this supposedly asexual fungus?
The objectives of this study were to characterize population structure in C. kikuchii and
then to screen soybean cultivars for resistance with representative isolates in different genetic
lineages.
1. Nitrogen nonutilizing mutants were used to assess vegetative compatibility groups
(VCG). Vegetative compatibility has been very useful in characterizing population
structures in asexual fungi, including Fusarium oxysporum (e.g. Appel and Gordon
1994, Elias and Schneider 1991, Elias et al. 1991, Katan and Katan 1988, Katan et al.
1991), Colletotrichum spp. (Brooker et al 1991, Nitzan et al 2002), and Verticillium
7spp. (Correll 1988, Joaquim and Rowe 1991, Katan 2000, Korolev et al 2000, Rowe
1995, Strausbaugh 1993, Strausbaugh et al. 1992). Without sexual recombination,
VCGs will form genetically isolated subpopulations which will be subjected to
standard population genetic forces such as selection, mutation, migration, and drift
(Hartl and Clark 1989).
2. Population structure in C. kikuchii was further examined with random amplified
polymorphic DNA (RAPD) and microsatellite-primed PCR (MP-PCR). With this
approach, we wanted to identify genetic lineages in C. kikuchii, compare isolates
from different cultivars, different locations, and different plant tissues (leaf vs. seed).
Genetic relationships within and between VCGs in C. kikuchii also were examined.
3. With knowledge of population structure in C. kikuchii in hand, we screened
commercial soybean cultivars for resistance with representative isolates from
different lineages. We wanted to test which cultivars were more resistant and whether
different lineages of C. kikuchii differed in virulence.
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Chapter I:
Vegetative Compatibility Groups in Cercospora kikuchii, the Causal Agent of
Cercospora Leaf Blight and Purple Seed Stain in Soybean
13
Introduction
Cercospora kikuchii (Matsumoto & Tomoyasu) M. W. Gardner infects leaves, stems, and
pods of soybean (Glycine max (L.) Merr.), where it causes purple seed stain and Cercospora leaf
blight (Matsumoto and Tomoyasu 1925, Suzuki 1921, Walters 1980). Purple seed stain on
soybean was first reported in Korea in 1921 (Suzuki 1921), and in the United States, it was first
reported in Indiana in 1924 (Gardner 1926). Purple seed stain is conspicuous and easily
identified. It is characterized by irregular blotches varying from light to dark purple and ranging
from a tiny spot to the entire area of the seed coat. Purple seed stain does not reduce yields
directly, but it may cause reduced stands (Hartman et al 1999). Under field conditions,
symptoms of Cercospora leaf blight are observed at the beginning of and throughout seed set.
Reddish purple, angular-to-irregular lesions occur on upper leaves exposed to sunlight.
Numerous infections cause rapid chlorosis and necrosis of leaf tissue, resulting in defoliation.
Cercospora leaf blight is an economically important disease and can cause substantial yield loss
(Hartman et al 1999).
More than 3,000 species names have been listed in the genus Cercospora (Pollack 1987).
Most species, including C. kikuchii, have no known sexual stage, although a Mycosphaerella
teleomorph has been identified for a few (Chupp 1954, Corlett 1991).
Little is known about the population structure in C. kikuchii. For example, how diverse is
the population? What are the roles of geographic separation and host genotype in maintaining
diversity? Is there evidence for a sexual stage? Are there races, and if so, how frequently do they
arise? Vegetative compatibility has been very useful in characterizing population structures of
asexual fungi, including Fusarium oxysporum (e.g. Appel and Gordon 1994, Elias and Schneider
1991, Elias et al 1991, Katan and Katan 1988, Katan et al 1991), Colletotrichum spp. (Brooker et
al 1991, Nitzan et al 2002), and Verticillium spp. (Correll 1988, Joaquim and Rowe 1991, Katan
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2000, Korolev et al 2000, Rowe 1995, Strausbaugh 1993, Strausbaugh et al 1992). Fungal strains
able to undergo mutual hyphal anastomosis and form viable heterokaryons are assigned to the
same vegetative compatibility group (VCG). Without sexual recombination, members of each
VCG will form a genetically isolated subpopulation which will be subjected to standard
population genetic forces such as selection, mutation, migration, and drift (Hartl and Clark
1989). On the other hand, members within a VCG have the potential to exchange genetic
material through parasexual recombination.
The objectives of this study were to examine population structure in this fungus using
vegetative compatibility grouping. A preliminary report was published (Cai and Schneider
2002).
Materials and Methods
Isolation of C. kikuhii from soybean leaves and seeds. Twenty-eight soybean leaf
samples showing typical Cercospora leaf blight symptoms, and 27 seed samples showing purple
stain symptoms were collected from three locations in Louisiana in 2000 and 2001.  Each seed
was separately soaked in sterile warm water (35 oC) for 10 minutes, and the seed coat was peeled
off with forceps. A single leaflet or seed coat from each sample was placed in a moist chamber at
room temperature under diffuse daylight. A single conidium was picked off with a 0.20 mm-
diameter pin dipped into agar with the aid of a dissecting microscope. The conidium was placed
on sporulation medium, V8 agar (El-Gholl et al 1982) amended with 5 g dried, senescent
soybean leaf powder per liter (V8-SSLP), and incubated at 26 oC under 16-hr photoperiod for 6
days. Morphological characters of conidia and conidiophores were observed with a compound
microscope.
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Three isolates from other sources also were included in this study. Isolates NC and PR
were kindly provided by R. G. Upchurch (North Carolina State University, Raleigh). Isolate
ATCC36864 was obtained from the American Type Culture Collection (Rockville, MD). All 58
isolates (Table 1.1) were transferred to potato dextrose agar (PDA) and incubated at 26 oC in
darkness for 7 days and then stored at 4 oC.
Pathogenicity tests.  All isolates were tested as follows. Each isolate was transferred to a
10-cm diameter V8-SSLP plate and incubated at 26 oC under 16-hr photoperiod for 5-7 days.
Colonies were flooded with approximately 10 ml sterile distilled water and rubbed with a glass
rod. Half a milliliter of this conidial and mycelial suspension was used to inoculate each V8-
SSLP plate with five plates per isolate. The plates were gently shaken to distribute the
suspension across the agar surface. After incubation as described above for 6 days, conidia in
each plate were harvested in 20 ml sterile distilled water amended with 0.3% Tween 20.
Colonies were rubbed gently to minimize mycelia in the suspension. Conidial concentrations
were determined with a hemacytometer. Except for isolates NC and PR, which produced very
few conidia, the concentration was 104/ml or higher. Mycelia of these two isolates were
harvested by scratching the agar surface, and the suspensions were triturated with a Waring
blendor. These mycelial suspensions for these two isolates were used as inoculum.
Three soybean seeds of cultivar SS RT 6299N (Southern States Cooperative, Inc.,
Richmond, VA) were planted in each 1-liter plastic pot in a mixture of stream-disinfested soil:
sand: Jiffy Mix (Jiffy Products of America, Inc., Batavia, IL), 1:1:2 (v/ v/v). Plants were
fertilized with slow-release fertilizer (Osmocote, Marysville, OH). After 10 days, plants were
thinned to one plant per pot, and they were inoculated at the V3 growth stage (Fehr et al 1971).
Conidia or mycelial suspensions from each isolate were atomized to runoff onto soybean leaves
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TABLE 1.1. Isolates of Cercospora kikuchii used in this study listed according to vegetative
compatility groups, host cultivar, tissue, and geographic origin
___________________________________________________________________________
VCG Isolatea Host cultivar Tissue Geographic originb
___________________________________________________________________________
01 CKBR1 Hornbeck HBK R5588 leaf Baton Rouge, LA
DLL6013-1B Asgrow AG6201 leaf Alexandria, LA
MRL6020-2B SS RT 6299N leaf Winnsboro, LA
02 DLS5070-2B Deltapine DP 5915 RR  seed Alexandria, LA
DLS5098-1B Asgrow AG5902  seed Alexandria, LA
03 DLS5070-3A Deltapine DP 5915 RR seed Alexandria, LA
DLS6020-4B SS RT 6299N seed Alexandria, LA
04 DLS5012-1A Asgrow AG5901  seed Alexandria, LA
DLS5070-2A Deltapine DP 5915 RR seed Alexandria, LA
MRS5012-1A Asgrow AG5901 seed Winnsboro, LA
05 DLS5012-4A Asgrow AG5901 seed Alexandria, LA
MRL6020-4A SS RT 6299N leaf Winnsboro, LA
MRS5098-2B Asgrow AG5902 seed Winnsboro, LA
06 MRL5070-1B Deltapine DP 5915 RR leaf Winnsboro, LA
MRL5070-3A Deltapine DP 5915 RR leaf Winnsboro, LA
MRL6020-1A SS RT 6299N  leaf Winnsboro, LA
SIVsc ATCC36864 Amsoy seed Urbana, IL
CKBR2 SS RT 6299N  leaf Baton Rouge, LA
DLL5012-1A Asgrow AG5901  leaf Alexandria, LA
DLL5012-3A Asgrow AG5901 leaf Alexandria, LA
DLL5012-4B Asgrow AG5901 leaf Alexandria, LA
DLL5070-2A Deltapine DP 5915 RR leaf Alexandria, LA
DLL5070-2B Deltapine DP 5915 RR leaf Alexandria, LA
DLL5070-4B Deltapine DP 5915 RR leaf Alexandria, LA
DLL5098-1A Asgrow AG5902 leaf Alexandria, LA
DLL5098-1B Asgrow AG5902 leaf Alexandria, LA
DLL5098-2B Asgrow AG5902 leaf Alexandria, LA
DLL5098-3B Asgrow AG5902 leaf Alexandria, LA
DLL6013-2B Asgrow AG6201 leaf Alexandria, LA
DLL6020-1B SS RT 6299N leaf Alexandria, LA
DLL6020-3A SS RT 6299N leaf Alexandria, LA
DLL6020-4A SS RT 6299N leaf Alexandria, LA
DLS5070-1B Deltapine DP 5915 RR seed Alexandria, LA
DLS5098-3A Asgrow AG5902 seed Alexandria, LA
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Table 1.1 (Cont.)
___________________________________________________________________________
VCG Isolatea Host cultivar Tissue Geographic originb
___________________________________________________________________________
SIVsc DLS6013-1B Asgrow AG6201 seed Alexandria, LA
DLS6013-3B Asgrow AG6201 seed Alexandria, LA
DLS6013-4B Asgrow AG6201 seed Alexandria, LA
DLS6020-4A SS RT 6299N seed Alexandria, LA
JL11 Eagle ES 41RR leaf Winnsboro, LA
JL41 Eagle ES 41RR leaf Winnsboro, LA
MRL5070-1A Deltapine DP 5915 RR leaf Winnsboro, LA
MRL6013-1A Asgrow AG6201 leaf Winnsboro, LA
MRL6020-1B SS RT 6299N leaf Winnsboro, LA
MRL6020-3B SS RT 6299N leaf Winnsboro, LA
MRS5012-1B Asgrow AG5901 seed Winnsboro, LA
MRS5012-3A Asgrow AG5901 seed Winnsboro, LA
MRS5070-2A Deltapine DP 5915 RR seed Winnsboro, LA
MRS5070-3B Deltapine DP 5915 RR seed Winnsboro, LA
MRS5098-2A Asgrow AG5902 seed Winnsboro, LA
MRS5098-3A Asgrow AG5902 seed Winnsboro, LA
MRS6013-2A Asgrow AG6201 seed Winnsboro, LA
MRS6013-3B Asgrow AG6201 seed Winnsboro, LA
MRS6020-2B SS RT 6299N seed Winnsboro, LA
MRS6020-3B SS RT 6299N seed Winnsboro, LA
MRS6020-4A SS RT 6299N seed Winnsboro, LA
MRS6020-4B SS RT 6299N seed Winnsboro, LA
HSId NC ... ... NC
PR ... seed PR
___________________________________________________________________________
a Of isolates from Louisiana, JL11 and JL41 were isolated from soybean leaf samples collected
in 2000, and other isolates were from leaf and seed samples collected in 2001.
b LA, Louisiana; IL, Illinois; NC, North Carolina; PR, Puerto Rico.
c Single isolate vegetative compatibility groups.
d Heterokaryon self-incompatible.
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 from all directions. Three plants were used for each isolate. After inoculation, plants were
placed in a moist chamber built with transparent plastic sheets on greenhouse bench. The moist
chamber was closed at 6:00pm and opened at 10:00am every day. After the chamber was closed,
plants were sprayed with a fine mist for 30 seconds. Temperature in the chamber ranged from 16
to 26 oC at night and 22 to 31 oC during the daytime, and relative humidity ranged from 90% to
100% when the chamber was closed and 40% to 90% when the chamber was open. After 7 days,
the plastic sheets were removed, and plants were kept on the bench for another 14 days to allow
for disease development. Leaves above the second trifoliolate leaf were removed every 3 days so
that the inoculated leaves received direct sunlight. Pathogenicity tests were repeated once for a
subset of isolates.
Generation and characterization of nitrate-nonutilizing (nit) mutants. Based on a
preliminary study (Cai and Schneider 2002), PDA containing 3% KClO3 was used to generate nit
mutants from C. kikuchii. Chlorate resistant sectors were transferred to minimal medium
containing 2 g/L NaNO3 (MM) (Puhalla 1985). Nit mutants grew on MM with a thin, expansive
mycelium. They were assigned to physiological phenotypes (nit1, NitM, and nit3) based on their
growth on MM with NaNO2, hypoxanthine, ammonium tartrate, or uric acid, which replaced
NaNO3 as the only nitrogen source (Correll et al. 1987). In initial tests, most nit mutants did not
grow on MM with 0.5 g/L NaNO2 as the only nitrogen source. A subset of nit mutants was tested
on MM with different concentrations of NaNO2, and 0.05 g/L NaNO2 was found to support
growth of these nit mutants. This concentration of NaNO2 was used to test all nit mutants.
Vegetative compatibility grouping. A nit1 mutant and a NitM mutant were chosen from
each isolate. Complementation was assessed on MM.  Nit mutants were paired on MM plates
approximately 2 cm apart and incubated at 26 oC in darkness. For any two isolates, four pairings,
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between complementary nit mutants and between nit mutants of the same phenotype, were
tested. Nit mutants from the same isolate were paired to test self-compatibility. Plates were
scored for prototrophic growth 4 to 6 weeks after inoculation. Complementation was evident by
the formation of a wild-type growth zone formed where the two colonies met. Two isolates were
assigned to the same VCG if heterokaryons formed in the two pairings between their
complementary nit mutants.
Selection of nit testers.  Within each multi-member VCG, nit mutants of compatible
phenotypes were paired in all possible combinations with four replicates. The robustness of
heterokaryon formation was visually estimated at 6 weeks. One nit1 and one NitM that
consistently formed strong heterokaryons were chosen as nit testers for each VCG.
Cercosporin production. All 58 isolates and 140 nit mutants, including the 116 nit
mutants used in complementation tests, were tested for cercosporin production. A 6 mm-
diameter mycelial plug was transferred to the center of a 10 cm-diameter PDA plate and
incubated at 25 oC under 16-hr photoperiod (fluorescent light, 4,000 lux). Plates were observed
for cercosporin production 7 days after inoculation by noting the production of a red or red
purple color pigment in the agar. Cercosporin concentration was assesed for seven isolates and
16 nit mutants using a method described by Jenns et al. (1989).  Three 6 mm-diameter mycelial
plugs were cut from the colony margin 120 degree apart and soaked in 5 ml 5 N KOH in
darkness overnight. Absorbance of the soaking solutions was measured at 480 nm, which is the
visible absorbance maximum of cercosporin in alkaline solution (Yamazaki and Ogawa 1972),
using a spectrophotometer (Spectronic 601, Milton Roy, Rochester, NY). Three plates were used
for each isolate and nit mutant, and the experiment was conducted twice. Cercosporin production
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among isolates and nit mutants was compared statistically using Tukey’s pair-wise comparison
test (P=0.05) (Minitab release 13, Minitab Inc., State College, PA).
DNA extraction, PCR, and DNA sequencing. Stationary cultures were grown in potato
dextrose broth at 26 oC in darkness for 7 days. Mycelia were lyophilized and ground into a
powder in liquid nitrogen. Genomic DNA was extracted with DNeasy Plant Mini Kit (Qiagen
Inc., Valencia, CA) according to the manufacture’s instructions.
Primer pairs ITS5 (GGAAGTAAAAGTCGTAACAAGG) / ITS4
(TCCTCCGCTTATTGATATGC) (White et al 1990), EF1-728F
(CATCGAGAAGTTCGAGAAGG) / EF1-986R (TACTTGAAGGAACCCTTACC) (Carbone
and Kohn 1999), ACT512F (ATGTGCAAGGCCGGTTTCGC) / ACT783R
(TACGAGTCCTTCTGGCCCAT) (Carbone and Kohn 1999), and Bt2a
(GGTAACCAAATCGGTGCTGCTTTC) / Bt2b (ACCCTCAGTGTAGTGACCCTTGGC)
(Glass and Donaldson 1995) were used in separate reactions to amplify internal transcribed
spacer (ITS) regions of ribosomal DNA (rDNA), partial translation elongation factor 1 alpha
(EF-1a) gene, partial actin gene, and partial beta-tubulin (b-tubulin), respectively.
Amplifications were conducted in a 50 ml reaction mixture containing 2.5 mM MgCl2, 0.2 mM
each of dATP, dCTP, dGTP, and dTTP, 0.5 mM each primer, Taq DNA polymerase reaction
buffer, and 1.25 units Taq DNA polymerase (Applied Biosystems, Foster City, CA), and
approximately 1 ng template DNA.  Amplifications were performed in a PTC-100 thermal cycler
(MJ Research Inc., Waltham, MA).  An initial denaturation step of 95 oC for 7 minutes was
followed by 35 amplification cycles of denaturation at 95 oC for 30 seconds, annealing at 55 oC
(ITS), 58 oC (EF-1a), or 61 oC (actin and b-tubulin) for 50 seconds (ITS, actin, and b-tubulin) or
30 seconds (EF-1a), and extension at 72 oC for 45 seconds.  After amplification, samples were
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incubated for an additional 10 minutes at 72 oC.  A negative control (no DNA template) was
always included. PCR products were purified with a Qiaquick PCR Purification Kit (Qiagen) and
sequenced with an ABI PRISM 377 DNA Sequencer (Applied Biosystems).
Results
Isolation of C. kikuchii from soybean leaves and seeds. Abundant conidia with
minimal mycelia were produced on leaflets and seed coats in 48 to 72 hours. Three to five single-
conidial isolations were made from each of the 55 samples, and one was randomly chosen to be
included in this study. All isolates sporulated on V8-SSLP medium. Conidia and conidiophores
typical of C. kikuchii (Chupp 1954) were readily observed with a compound microscope. In
preliminary tests, whole soybean seeds were used for isolation instead of seed coats. However,
abundant mycelia grew on the seeds, which made single-conidial isolation difficult.
Pathogenicity tests. All 58 isolates were pathogenic on soybean plants. Symptoms were
similar to those observed in the field (Fig. 1.1). Pinpoint, reddish purple spots appeared on
inoculated leaves 6-7 days after inoculation. The spots later enlarged to angular-to-irregular
lesions. Symptoms such as chlorosis, necrosis, and a light purple, leathery appearance also were
observed on inoculated leaves. Percentage of leaf surface showing symptoms was estimated
visually 21 days after inoculation (data not shown).
Generation and characterization of nit mutants. C. kikuchii colonies were olive green
to light brown with concentric rings and sparse aerial mycelium on PDA containing 3% KClO3.
Radial growth was not greatly restricted. Chlorate-resistant sectors, which had dense aerial
mycelium and occasionally produced reddish brown pigment, appeared in about 3 weeks. These
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Fig. 1.1. Symptoms produced by Cercospora kikuchii on soybean leaves in greenhouse
pathogenicity tests. A, control; B and C, inoculated leaves.
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 sectors were slightly faster growing, which was evident when they appeared at the colony
perimeter. Sectors that grew on MM as expansive colonies with thin mycelium were considered
to be nit mutants. Nit mutants were tested for phenotypes until at least one nit1 and one NitM
were identified for each isolate. Five nit mutants from the same isolate were transferred to a MM
plate, and those that formed heterokaryons with neighboring nit mutants were tested first.
Seventy-four percent of tested nit mutants were nit1 and 25 percent were NitM.
Assignment of C. kikuchii isolates to VCGs. Results of vegetative compatibility
grouping are shown in Table 1.1. Isolates NC and PR were self-incompatible. Of the 56 self-
compatible isolates, 16 were grouped into six multi-member VCGs, 01-06, while the other 40
isolates were not vegetatively compatible with any other isolates.  There was no dominant VCG.
Each multi-member VCG included only two or three isolates. Among isolates in each VCG,
pairings between nit mutants of compatible phenotypes always formed prototrophic
heterokaryons, while those between nit mutants of the same phenotypes did or did not.  Of the
six multi-member VCGs, three (01, 04, and 05) included isolates from different locations, while
the other three included isolates from single locations. Only VCG 05 included isolates from both
soybean leaves and seeds. The other five VCGs contained isolates either from soybean leaves or
from seeds. All six VCGs included isolates from different soybean cultivars. Twenty-eight and
25 isolates were recovered from a single soybean field in Alexandria and Winnsboro, Louisiana,
respectively. Twenty-five VCGs were identified among isolates from Alexandria, and 22 VCGs
were identified among isolates from Winnsboro, with three VCGs containing isolates from both
fields.
Selection of nit testers. Compared to other pairings in the same VCG, heterokaryon
formation was substantially weaker (and occasionally discontinuous) in the following pairings:
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in VCG04, DLS5070-2A-1 (NitM) / MRS5012-1A-2 (nit1); in VCG05, DLS5012-4A-1 (NitM) /
MRS5098-2B-2 (nit1). Nit mutants that consistently formed strong heterokaryons with nit
mutants of compatible phenotypes were chosen as nit testers for future studies (Table 1.2).
Cercosporin production. All 58 isolates and 140 nit mutants produced cercosporin.
Significantly different amounts of cercosporin were produced among the seven wild-type isolates
that were subjected to quantitative analysis, and two nit mutants produced significantly more
cercosporin than their wild-type counterparts (Fig. 1.2).
DNA sequences.  Four genes from selected  isolates in different VCGs were sequenced.
Twelve sequences were obtained, and GenBank accession numbers AY373571-AY373582 were
assigned to these sequences: ITS regions of rDNA from isolates MRL5070-1B (VCG 06),
MRL6020-4A (VCG 05), and DLS5070-3A (VCG 03); partial actin gene from isolates
DLL6013-1B (VCG 01), MRL5070-1B, and DLS5012-1A (VCG 04); partial b-tubulin gene
from isolates DLL6013-1B and DLS5012-1A; and partial EF-1a gene from isolates DLL6013-
1B, MRL5070-1B, DLS5012-1A, and DLS5070-3A, respectively. These sequences did not
reveal any variations among these isolates.
Discussion
This is the first study on vegetative compatibility of C. kikuchii. Clearly, this technique
provides a very useful means to examine population structure in this fungus. C. kikuchii showed
high VCG diversity, with 56 self-compatible isolates distributing among 46 VCGs and no
dominant VCG. Previous studies revealed low VCG diversity in highly pathogenic groups in F.
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TABLE 1.2. Nitrate nonutilizing mutants (nit) of Cercospora kikuchii chosen as nit testers for
the six multi-member vegetative compatibility groups (VCG).
____________________________________
VCG Nit Phenotype
____________________________________
01 DLL6013-1B-8 nit1
DLL6013-1B-9 NitM
02 DLS5070-2B-1 NitM
DLS5070-2B-3 nit1
03 DLS5070-3A-1 NitM
DLS6020-4B-2 nit1
04 DLS5012-1A-4 NitM
DLS5012-1A-5 nit1
05 MRL6020-4A-1 NitM
MRL6020-4A-2 nit1
06 MRL5070-3A-1 NitM
MRL5070-3A-3 nit1
____________________________________
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Fig. 1.2. Mean cercosporin concentrations produced by isolates of Cercospora kikuchii  and nit
mutants on 6-mm plugs of potato dextrose agar. Cercosporin concentrations produced by wild-
type isolates labeled with the same letter are not significantly different. Nit mutants that
produced significantly different amounts of cercosporin compared to their wild-type counterparts
are marked with “*”. All comparisons were based on Tukey’s pair-wise comparison tests (P =
0.05).
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oxysporum and Verticillium spp., while nonpathogenic groups showed high VCG diversity. For
example, in F. oxysporum f. sp. lycopersici, 106 of 107 isolates were grouped into four VCGs
 (Marlatt et al 1996); in F. oxysporum f. sp. radicis-lycopersici, 215 of 218 isolates were grouped
into seven VCGs, some of which were further divided into subgroups ((Katan et al 1991); and in
F. oxysporum f. sp. melonis, 107 of 119 isolates were in four VCGs (Jacobson and Gordon
1989).  On the other hand, 186 of 371 nonpathogenic F. oxysporum isolates were grouped into
48 multi-member VCGs, and the other 131 isolated did not form heterokaryons with any isolates
other than themselves (Elias et al 1991). In Verticillium spp., low VCG diversity, similar to that
observed in different formae speciales in F. oxysporum, was found in the highly pathogenic
species, V. albo-atrum (Correll et al 1988, Katan 2000, Rowe 1995) and V. dahliae (Joaquim and
Rowe 1991; Korolev et al 2000; Strausbaugh 1993; Strausbaugh et al 1992), while moderately
high VCG diversity was observed in V. nigrescens and V. tricorpus, which are considered to be
weak pathogens or saprotrophs (Korolev and Katan 1999). VCG diversity in C. kikuchii is
similar to that observed in nonpathogenic F. oxysporum populations.
Sexually reproducing populations are expected to have high VCG diversity (Leslie 1993).
Seven to 15 heterokaryon incompatibility (het or vic) loci have been identified in fungi in which
these loci have been most intensively studied (Leslie, 1990). In a fungus with 10 vic loci and two
alleles per locus, there will be 1024 possible VCGs.  If it reproduces sexually more often than
selection and/or genetic drift can eliminate most VCGs, there will always be a large number of
VCGs in its population. The large number VCGs in F. moniliforme, which has a known sexual
stage, were attributed to sexual reproduction (Leslie, 1993). Leslie (1993) suggested that high
VCG diversity in nonpathogenic populations of F. oxysporum indicates that it has a sexual stage
acting covertly.
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When the sexual stage is lost, exchange of genetic materials is assumed to be limited to
isolates in the same VCG, and VCGs become genetically isolated subpopulations. VCGs will be
lost because of selection and/or genetic drift. If each VCG is equally fit, VCGs will be lost by
chance to genetic drift, and the number of VCGs could be used as a measure of the age of the
population with respect to the last sexual event (Leslie, 1990). There is no information about the
rate of extinction of VCGs. If the rate is not very high, and the sexual stage was lost recently,
most VCGs will still exist in the population. High VCG diversity in C. kikuchii suggests that this
fungus has a covertly occurring sexual stage, or it was lost recently.
Of the 56 self-compatible C. kikuchii isolates, only one isolate from a soybean leaf was
vegetatively compatible with two isolates from soybean seeds (VCG 05). One explanation for
this scenario is that, because C. kikuchii has such a high VCG diversity, two isolates are more
likely to be in different VCGs than in the same VCG. However, since there are two multi-
member VCGs (01 and 06) containing isolates only from leaves and three multi-member VCGs
(02-04) containing isolates only from seeds, vegetative incompatibility between C. kikuchii
isolates from soybean leaves and from seeds should not be attributed to high VCG diversity
alone. Another explanation is that C. kikuchii populations from soybean leaves and seeds have
distinct VCG compositions, with isolates in some VCGs being more likely to infect soybean
leaves while isolates in other VCGs are better adapted to seed infection. Previous studies support
this hypothesis. When screening soybean cultivars for resistance, Walters (1980) reported that
some soybean cultivars were resistant to seed infection but susceptible to leaf infection. In other
words, the isolates used in inoculation were more likely to be found in leaves than in seeds in
these cultivars.  Furthermore, Orth and Schuh (1994) reported that the incidence of purple seed
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stain in 17 soybean cultivars was unrelated to disease severity in the foliage. Further studies are
necessary to test this hypothesis.
VCG is a good indicator of evolutionary lineage in different formae speciales in F.
oxysporum. Isolates within a VCG generally are more closely related to each other than to other
VCGs (e.g. Elias and Schneider 1992, Marlatt el al 1996, Cai et al 2003, Appel and Gordon
1996, Koenig et al 1997). We screened four genes, ITS regions of rDNA, actin gene, b-tubulin
gene, and EF-1a gene, for possible application in examining genetic relationships among isolates
within and between VCGs in C. kikuchii. However, sequences of these genes from selected
isolates in different VCGs did not reveal any variation. We are currently using microsatellite-
primed PCR and random amplified polymorphic DNA to address this issue.
Cercosporin plays a critical role in the ability of C. kikuchii to infect soybean plants.
Mutants of isolate PR that did not produce cercosporin did not produce symptoms when
inoculated onto soybean plants (Upchurch et al, 1991). Furthermore, several lines of evidence
indicate that cercosporin is an important factor in other diseases caused by cercosporin-
producing Cercospora species (Daub and Ehrenshaft 1997).  We demonstrated that some nit
mutants produced significantly more cercosporim than their wild-type counterparts, which
indicates that certain mutations in nitrate utilization pathway may affect cercosporin production
and possibly lead to increased virulence.  We did not investigate this possibility.
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Chapter II:
Population Structure of Cercospora kikuchii, the Causal Agent of Cercospora Leaf
Blight and Purple Seed Stain in Soybean, as Revealed by Random Amplified
Polymorphic DNA and Microsatellite-primed PCR
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Introduction
Cercospora kikuchii (Matsumoto & Tomoyasu) M. W. Gardner infects leaves, stems, and
pods of soybean (Glycine max (L.) Merr.), causing Cercospora leaf blight and purple seed stain
(Matsumoto and Tomoyasu 1925, Suzuki 1921, Walters 1980). The pathogen was first identified
in Korea in 1921 (Suzuki 1921), and in the United States, it was first reported in Indiana in 1924
(Gardner 1926). Cercospora leaf blight is an economically important disease and can cause
substantial yield loss; purple seed stain does not reduce yield directly, but it affects seed quality
and may cause reduced stands (Hartman et al 1999).
Most studies on this fungus have focused on pathogenicity and screening cultivars for
resistance. Resistance to leaf infection, at least in some cultivars, was not related to resistance to
seed infection. Walters (1980) reported that some cultivars were resistant to purple seed stain but
susceptible to Cercospora leaf blight. Orth and Schuh (1994) also reported that disease severity
of purple seed stain was unrelated to that of Cercospora leaf blight in 17 soybean cultivars.
There is no known sexual stage in C. kikuchii and most other Cercospora spp., although a
Mycosphaerella teleomorph has been identified for a few (Chupp 1954, Corlett 1991).
Vegetative compatibility analyses were used to examine population structure in this fungus in a
previous study (Chapter I). C. kikuchii has high diversity in vegetative compatibility groups
(VCG). Fifty-six isolates were distributed in 46 VCGs with only 16 isolates being grouped into
six multi-member VCGs. There was no dominant VCG; at most three isolates were included in
one VCG.
The primary objective in the present study was to assess population structure in C.
kikuchii with molecular markers. Most isolates included in this study were collected from two
fields in Louisiana. With this collection, we intended to address the role of location, host
cultivar, and plant tissue (leaf vs. seed) in pathogen population composition. Isolates used in the
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previous VCG study (Chapter I) also were included and genetic relationships within and between
VCGs were addressed.
Materials and Methods
Sampling procedures and isolation of C. kikuchii.  In 2001, 128 soybean cultivars were
planted at several research stations of the Louisiana State University Agricultural Center,
including Dean Lee Research Station (DL) (Alexandria, Louisiana) and Macon Ridge Research
Station (MR) (Winnsboro, Louisiana). These plantings were part of the annual cultivar
evaluations conducted by several investigators. Soybean cultivars were arranged as randomized
block design with four blocks at each site.  A four-row plot was planted for each cultivar in each
block. Leaf and seed samples showing Cercospora leaf blight or purple seed stain symptoms
were collected from five cultivars: Asgrow AG5901 (Asgrow Seed Co., Stuttgard, AR),
Deltapine DP 5915 RR (Delta and Pine Land Co., Scott, MS), Asgrow AG 5902 (Asgrow Seed
Co.), Asgrow AG6201 (Asgrow Seed Co), and SS RT 6299N (Southern States Coop.,
Richmond, VA). The first three cultivars were in maturity group (MG) V and the other two
cultivars were in MG VI. Two leaf samples were collected from each plot of these five cultivars
at DL and MR in late September when the plants were at the R7 growth stage (Fehr et al 1971).
Two seed samples were collected from the same plots after harvest. Out of 160 possible
sampling combinations, 158 samples were collected. Seeds with purple stain were not found in a
plot of Deltapine DP 5915 RR at MR.
Single-conidial isolations were made from each sample according to a previously
described method (Chapter I). A total of 157 isolates of C. kikuchii were obtained, while
isolation from a leaf sample of cultivar Asgrow AG 5902 collected at MR failed because the
sample was heavily infected with an Alternaria-like organism as well as C. kikuchii. Isolates
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were named as follows. The first two letters, “DL” or “MR”, represent the location from which
the sample was collected. The third letter, “L” or “S”, indicates whether the isolate was obtained
from leaf or seed, respectively. A four-digit code following these letters represents the host
cultivar from which the sample was collected: 5012 for Asgrow AG5901, 5070 for Deltapine DP
5915 RR, 5098 for Asgrow AG 5902, 6013 for Asgrow AG6201, and 6020 for SS RT 6299N.
Following a dash is the block number, 1-4. The last letter, “A” or “B”, represents the two leaf or
seed samples from each plot. For example, isolates DLL5012-1A and DLL5012-1B were
obtained from the two leaf samples from cultivar Asgrow AG5901 collected in block 1 in DL.
Fifty-one of the 157 isolates were included in the previous VCG study (Chapter I). The
other seven isolates that were part of the VCG study also were included here. Isolates CKBR1
and CKBR2 were obtained from leaf samples of cultivars Hornbeck HBK R5588 (Hornbeck
Seed Co. Inc., DeWitt, AR) and SS RT 6299N, respectively, collected in Baton Rouge,
Louisiana in 2001. Isolates JL11 and JL41 were obtained from leaf samples of cultivar ES 41RR
(Eagle Seed Company, Weiner, AR) collected in MR in 2000. Isolates ATCC36864, PR, and NC
were from Illinois, Puerto Rico, and North Carolina, respectively. All 164 isolates were
transferred to potato dextrose agar (PDA) and incubated at 26 oC in darkness for 7 days then
stored at 4 oC.
           DNA extraction. Stationary cultures were grown in potato dextrose broth at 26 oC in
darkness for 7 days. Mycelia were harvested, lyophilized, and ground into a powder in liquid
nitrogen. Genomic DNA was extracted with DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA)
according to the manufacturer’s instructions.
Random amplified polymorphic DNA (RAPD). Twenty-four RAPD primers, OPA01-
12 and OPB01-12 (Operon Technologies, Alameda, CA), were screened with a subset of
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isolates. Two primers, OPA05 and OPA08, produced repeatable fingerprints and revealed
abundant variations among tested isolates, and they were chosen to characterize all isolates. PCR
reactions were performed in a total volume of 25 ml containing 1 x PCR buffer, 2.5 mM MgCl2,
0.2 mM each dNTP, 0.2 mM primer, 1.0 unit of Taq DNA polymerase (Applied Biosystems,
Foster City, CA), and 10 ng template DNA. Amplifications were performed in a thermal cycler
(PTC-100; MJ Research, Waltham, MA). Initial denaturation at 95 oC for 3 min was followed by
45 cycles of denaturation at 94 oC for 1 min, annealing at 35 oC for 1 min, and extension at 72 oC
for 2 min. After amplification, samples were incubated for an additional 10 min at 72 oC.  A
negative control (no DNA template) was always included. Each reaction was repeated once. PCR
products were separated on 1.2% SeaKem GTG agarose (FMC BioProducts, Rockland, ME) gel
at 3V/cm for 3 hrs and stained with ethidium bromide.
Microsatellite-primed PCR (MP-PCR). Seven microsatellite primers, (CA)8, (CAA)5,
(CAC)5, (GACA)4, (GATA)4, (GTG)5, and phage M13 core sequence GAGGGTGGCGGTTCT
(M13) (Meyer et al 1993), were screened at different annealing temperatures ranging from 36 oC
to 60 oC to determine optimal annealing temperature for each primer. Two primers ((GTG)5 and
M13) that produced repeatable fingerprints and revealed abundant variations among tested
isolates were chosen to characterize all isolates. PCR reactions were performed in a total volume
of 25 ml containing 1 x PCR buffer, 2.5 mM MgCl2, 0.2 mM each dNTP, 1 mM primer, 1.0 unit
of Taq DNA polymerase (Applied Biosystems), and 10 ng template DNA. Amplifications were
performed in a thermal cycler (PTC-100, MJ Research). Final amplification conditions for these
two primers were: initial denaturation at 95 oC for 7 min followed by 35 cycles of denaturation at
95 oC for 35 sec, annealing for 1 min at 60 oC minus 0.5 oC per cycle for the first 10 cycles and
55 oC for the remaining 25 cycles, and extension at 72 oC for 1 min, with a final 5-min extension
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at 72 oC after 35 cycles. A negative control (no DNA template) was always included. Each
reaction was repeated once. PCR products were separated on 2.4% agarose (SeaKem GTG :
NuSieve, 1:1, w/w; FMC BioProducts) gel at 3V/cm for 5 hrs and stained with ethidium
bromide.
Data analysis.  RAPD and MP-PCR fragments were manually scored as “1” for presence
or “0” for absence. Fragments that were weak or nonrepeatable were ignored. A binary string
was used to represent the haplotype of each isolate. Each fragment was treated as an independent
locus. Standard population genetics statistics were calculated using POPGENE version 1.31
(Molecular Biology and Biotechnology Center, University of Alberta, Edmonton, Canada). We
assumed a haploid model with two alleles per locus, with “1” considered to be the dominant
allele and “0” the recessive allele. A locus was considered to be polymorphic if less than 99%
isolates shared the same allele at that locus. Gene diversity was calculated as H = (1 - ∑pi
2),
where pi is the frequency of allele i at the locus (Nei, 1973), and averaged across loci.  c
2
analysis was used to test homogeneity of allele distribution among populations at each locus (P =
0.01).  Nei’s coefficient of differentiation (GST) was used to measure the proportion of total
genetic diversity attributable to population differentiation (Nei, 1973). Population differentiation
also was measured by analysis of molecular variance (AMOVA) with Euclidian distances
between all pairs of haplotypes (Excoffier et al 1992). The AMOVA statistics, f, is the
proportion of total variance attributable to group or population effect. Significance of variance
components and f were tested with 1,000 random permutations under the null hypothesis of each
variance component (P = 0.01). The AMOVA was conducted with WINAMOVA version 1.04
(L. Excoffier, Department of Anthrpology and Ecology, University of Geneva, Switzerland).
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Clustering analysis was conducted using PAUP version 4.0b10 (D. L. Swofford, Sinauer
Associates, Sunderland, MA). Isolates were clustered with unweighted pair group method with
arithmetic means (UPGMA) using mean character differences.  Bootstrap analysis with 1000
replicates was used to test the statistical support of each branch.
Because a previous study suggested that C. kikuchii has a covertly occurring sexual stage
or it was lost recently (Chapter I), we tested the mode of reproduction (clonal vs. recombination)
using combined data. Multilocus gametic disequilibrium was tested using index of association
(IA) (Brown et al 1980, Maynard Smith et al 1993) implemented in MULTILOCUS version 1.3b
(Agapow and Burt 2001). In a random mating population, the expected value of IA is zero
(Brown et al 1980, Maynard Smith et al 1993). Significance of IA was tested by 1,000
randomized datasets under the null hypothesis (random mating) (Agapow and Burt 2001)
Pathogenicity tests. Pathogenicity of the 58 isolates included in the VCG study was
previously characterized (Chapter I) and not repeated in this study. The remaining 106 isolates
were tested as previously described (Chapter I). Briefly, conidial suspensions at 103/ml or higher
were used to inoculate soybean plants (cultivar SS RT 6299N) at V3 growth stage (Fehr et al
1971). Plants were sprayed from all directions until runoff. Three plants were used for each
isolate. Inoculated plants were placed in a moist chamber built with transparent plastic sheets on
greenhouse benches for 7 days with a 16-hr dew period every day and then kept on the bench for
another 14 days to allow for disease development. Leaves above the second trifoliolate leaf were
removed every 3 days so that the inoculated leaves received direct sunlight. Pathogenicity tests
were repeated for a subset of isolates.
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Results
DNA fingerprinting. Twenty-four and 22 loci were scored from DNA fingerprints
produced by RAPD primers and microsatellite primers, respectively. Examples of DNA
fingerprints revealed by primers OPA05 and M13 are shown in Fig. 2.1. Except for one locus in
the M13 fingerprints, all of the remaining 45 loci were polymorphic. One hundred sixty-two
distinct haplotypes were found in 164 isolates. Two haplotypes were shared by two isolates each,
one by isolates DLS6020-2A and MRS5070-3A, the other by isolates MRL6020-4A and
MRS5098-2B.
Isolates were grouped into different populations based on location, tissue (leaf vs. seed),
or host cultivar. To avoid the impact of other factors (i.e., collection time), only isolates obtained
at DL and MR in 2001 were grouped into different populations. Gene diversity (H) values for the
total collection and different populations based on loci in the fingerprints of one primer or all
primers are shown in Table 2.1. Primer (GTG)5 revealed the lowest gene diversity (16.09%) in
the population, while primer OPA05 revealed the highest gene diversity (29.44%). Isolates from
MR had higher gene diversity than isolates from DL. Each primer revealed lower gene diversity
in seed population than in leaf population. Among isolates from different soybean cultivars,
those from Asgrow AG6201 had the highest gene diversity (26.79%), and those from Deltapine
DP 5915 RR had the lowest gene diversity (20.41%).
Population differentiation. Isolates of C. kikuchii obtained at DL and MR in 2001 were
grouped into different populations as described above. A two-level level hierarchy was used to
test differentiation between populations with the tested factor (i.e. leaf vs. seed) as the first level
and a combination of other factors (i.e., location x cultivar) as the second level. At most 3.35%
gene diversity and 2.1% variance were attributable to the cultivar factor. A permutation test did
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Fig. 2.1.Examples of DNA fingerprints from Cercospora kikuchii revealed by primers OPA05
(A) and M13 (B). M, 1kb DNA ladder.
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 not reject the null hypothesis that isolates from different host cultivars are not genetically
different. Location factor accounted for 1.00% gene diversity and 0.5% variance, and isolates
from DL and from MR are not significantly different. On the other hand, 4.2% gene diversity
and 6.7% variance were attributable to the plant tissue factor, and this factor had a significant
impact on pathogen genetic composition (Table 2.2).
Allele frequencies at eight loci were significantly different between the leaf and seed
populations based on c2 analysis. On the other hand, there was only one locus at which allele
frequency was significantly different between the DL and MR populations. Allele frequencies at
all loci were similar among isolates from the five cultivars.
To further examine the location factor, we tested population differentiation among three
locations in Louisiana with all isolates collected from these locations and between the combined
Louisiana population and isolates from outside Louisiana. While isolates from different locations
in Louisiana were not significantly different (data not shown), the Louisiana population was
significantly different from the three isolates from outside the state (f = 50.91%, P(>f) < 0.001).
Clustering analysis. UPGMA phenograms were generated based on RAPD, MP-PCR,
and combined data. In the UPGMA phenogram based on combined data (Fig. 2.2), isolates were
grouped into four clades, A-D. Clade A included 39 isolates, of which 28 were leaf isolates and
11 were seed isolates. Clade B included 114 isolates, of which 50 were leaf isolates and 64 were
seed isolates. There was only one leaf isolate, JL41, in clade C. Clades A and B did not have
strong bootstrap support (less than 50%). They were grouped with clade C into a large clade
(ABC) with moderately strong bootstrap support (78%). Clade D included 10 isolates with strong
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Table 2.1. Gene diversity in total collection and different populations of Cercospora kikuchii.
______________________________________________________________________________________
Gene diversity (H) % for C. kikuchii froma
________________________________________________________________________
Primer DL MR Leaf Seed CV1 CV2 CV3 CV4 CV5 All
________________________________________________________________________
OPA05 27.78b 29.83 30.27 24.83 28.24 27.24 29.58 28.48 26.95 29.44
OPA08 25.18 25.07 30.42 18.91 23.44 18.54 25.15 31.70 24.30 25.68
M13 26.49 28.10 28.34 23.89 26.56 24.07 25.53 30.08 26.45 28.33
(GTG)5 12.22 17.29 17.00 12.35 13.19  9.33 11.69 19.65 17.59 16.09
Average 22.73 25.22 26.17 20.22 22.93 20.41 23.06 26.79 23.81 24.88
________________________________________________________________________
a DL, Dean Lee Research Station, Louisiana State University Agricultural Center (LSUAC),
Alexandria, Louisiana; MR, Macon Ridge Research Station, LSUAC, Winnsboro, Louisiana;
CV1-CV5, soybean cultivars  Asgrow AG5901, Deltapine DP 5915 RR, Asgrow AG 5902,
Asgrow AG6201, and SS RT 6299N, respectively; and All, all isolates in this study. Only
isolates obtained in DL and MR in 2001 were divided into different populations.
b Gene diversity (H) in percentage. It was calculated as H = (1 - ∑pi
2), where pi is the frequency
of allele i at the locus (Nei 1973), and averaged across loci.
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Table 2.2. Pair-wise comparisons between populations of Cercospora kikuchii based on Nei's
coefficient of differentiation (GST) and analysis of molecular variance (AMOVA).
_____________________________________________________________________
Populationa DL MR Leaf Seed CV1 CV2 CV3 CV4 CV5
_____________________________________________________________________
DL … 0.5c … … … … … … …
MR 1.00b … … … … … … … ...
Leaf … … … 6.7* … … … … …
Seed … … 4.20 … … … … … …
CV1 … … … … … 2.1 -0.4 0.0 -0.6
CV2 … … … … 3.35 … -1.3 -0.5 0.1
CV3 … … … … 1.97 1.48 … -0.2 0.4
CV4 … … … … 2.09 1.95 1.75 … -0.4
CV5 … … … … 1.79 2.03 2.06 1.64 …
_____________________________________________________________________
a DL, Dean Lee research station of Louisiana State University Agricultural Center (LSUAC),
Alexandria, Louisiana; MR, Macon Ridge research station of LSUAC, Winnsboro, Louisiana;
CV1-CV5, soybean cultivars  Asgrow AG5901, Deltapine DP 5915 RR, Asgrow AG 5902,
Asgrow AG6201, and SS RT 6299N, respectively. Only isolates obtained in DL and MR in 2001
were grouped into different populations.
b Values below diagonal are Nei's coefficient of differentiation (GST) in percentage (Nei 1973). It
is the proportion of total genetic diversity attributable to population differentiation.
c Values above diagonal are AMOVA statistics (f) in percentage (Excoffier et al 1992). It is the
proportion of total variance attributable to population differentiation. The value labeled with an
"*" is significant based on 1,000 random permutations under the null hypothesis that there was
no population differentiation (P = 0.01).
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 bootstrap support (99%). All three isolates from outside Louisiana, ATCC36864, NC, and PR,
were grouped together within clade D with strong bootstrap support (93%).
Most isolates from Louisiana were in clade (ABC). As previously shown, the Louisiana
population was significantly different from the three isolates from outside the state. We
conducted AMOVA analyses between clade (ABC) and clade D, and between isolates from
Louisiana in clade D and the three isolates from outside Louisiana. Clade (ABC) was
significantly different from clade D (f = 31.60%, P(>f) < 0.001), and isolates from Louisiana in
clade D were not significantly different from those from outside Louisiana (f = -10.71%, P(>f)
= 0.6543).
UPGMA phenograms based only on MP-PCR or on RAPD data largely agreed with the
phenogram based on combined data. In the UPGMA phenogram based on MP-PCR data (not
shown), isolates were grouped into the same four clades with the only exception that isolate
DLL5070-1A in clade B was included in clade A. In the UPGMA phenogram based on RAPD
data (not shown), clade D remained intact; isolate MRL5070-4A in clade B was included in
clade A; isolate DLS5098-2A in clade A was grouped with isolate JL41 in clade C; and eight
isolates in clade A were separated from this clade to form two independent clades. These two
clades included isolates DLS5012-4A and MRL6013-4B, and isolates DLL6013-3A, DLL6013-
4A, DLL6020-2B, MRL5098-2A, MRL5098-3B , and MRL6013-1B, respectively, and they
were not strongly supported by bootstrap analysis (less than 50%).
Mode of reproduction. Multilocus gametic disequilibrium tests were performed on
clades A, B, D, and the total collection. It was not performed on clade C because it only included
one isolate. IA values and their significance are shown in Table 2.3. The null hypothesis of
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random mating was rejected in clades A and D (P < 0.001) but not in clade B (P = 0.07). When
the test was conducted on the total collection, the null hypothesis also was rejected (P < 0.001).
Genetic relationships within and between VCGs. In a previous study, 16 isolates,
CKBR1, DLL6013-1B, DLS5012-1A, DLS5012-4A, DLS5070-2A, DLS5070-2B, DLS5070-
3A, DLS5098-1B, DLS6020-4B, MRL5070-1B, MRL5070-3A,  MRL6020-1A, MRL6020-2B,
MRL6020-4A, MRS5012-1A, and MRS5098-2B, were included in six multi-member VCGs (5).
Isolate DLS5012-4A was in clade A, and the other 15 isolates were in clade B (Fig. 2.2). To
avoid interference from other isolates and to better illustrate genetic relationships within and
between VCGs, a UPGMA phenogram was constructed on the 16 isolates with combined RAPD
and MP-PCR data (Fig. 2.3). The phenogram consisted of two well supported (90%) clades, one
included the one clade A isolate, and the other included the 15 clade B isolates.
Two of three isolates in VCG 01, CKBR1 and MRL6020-2B, were grouped together
without strong bootstrap support (less than 50%). The other isolate in this VCG, DLL 6013-1B,
was grouped with an isolate in VCG 03. In VCGs 02-04, isolates were not grouped together
according to VCGs.  In VCGs 05 and 06, which had three isolates each, two isolates were
grouped together according to VCGs with strong bootstrap support (>90%), but the other isolate
was not. Overall, the phenogram indicated that, although some isolates within a VCG were
closely related, isolates within a VCG were not necessarily more closely related to each other
than to other VCGs. This is most evident in VCG 05, in which isolate DLS5012-4A was well
separated (90% bootstrap support) from the clade that included two other isolates in this VCG,
MRL6020-4A and MRS5098-2B, and 13 isolates in other VCGs. UPGMA phenograms based
only on RAPD or on MP-PCR data (not shown) also showed that isolates were not necessarily
clustered according to VCGs.
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Fig. 2.2. Unweighted pair grouping with arithmetic means (UPGMA) phenogram based on
combined random amplified polymorphic DNA (RAPD) data and microsatelllite-primed PCR
(MP-PCR) data from isolates of Cercospora kikuchii included in this study. The computer
program PAUP 4.0b10 version was used. Bootstrap values are shown as percentages of 1,000
replicates. A-D and (ABC) are clade names. Isolates labeled with a "*" are those that were not in
the same clades in the UPGMA phenogram based only on RAPD data. The isolate labeled with a
"#" was not in the same clade in the phenogram based only on MP-PCR data. See text for details.
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Table 2.3. Index of association (IA) values and their significance in clades A, B, D, and the
complete collection of Cercospora kikuchii.
___________________________________
Populationa IA
b Pc
___________________________________
A 0.742 <0.001
B 0.110 0.07
D 1.074 <0.001
All 3.054 <0.001
___________________________________
a A, B, and D are clades in Fig. 2.2.
b Index of association (IA) statistics (Agapow and Burt 2001). The expected value of IA is zero in
a random mating population.
c Significance of IA was tested with 1,000 randomized datasets under the null hypothesis of
random mating (Brown et al 1980, Maynard Smith et al 1993).
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Fig. 2.3. Unweighted pair grouping with arithmetic means (UPGMA) phenogram based on
combined random amplified polymorphic DNA data and microsatellite-primed PCR  data from
isolates of Cercospora kikuchii included in multi-member vegetative compatibility groups
(VCGs) (Chapter I). The computer program PAUP version 4.0b10 was used. Bootstrap values
are shown as percentages of 1,000 replicates. a Clades in Fig. 2.2.
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Pathogenicity tests. All tested isolates were pathogenic on soybean plants. Symptoms
appeared on inoculated leaves 6-7 days after inoculation. Pinpoint, reddish purple spots later
enlarged to angular-to-irregular lesions, which led to chlorosis and necrosis of leaf tissue. Purple
red lesions also were observed on petioles.   Percentage of leaf surface showing symptoms was
estimated visually 21 days after inoculation (data not shown).
Disscussion
The Louisiana population of C. kikuchii was dominated by lineages that were different
from outside sources. Most isolates from Louisiana were grouped into clade (ABC) that was well
separated from clade D. The latter clade included the three isolates from other locations. Clade
(ABC) was further divided into three clades A, B, and C, with clades A and B containing most
isolates. Only a few isolates from Louisiana were in clade D. The differentiation between the
Louisiana population and isolates from outside sources, other than being attributed to spatial
distance, may also be attributable to temporal difference in collection. Isolates from Louisiana
were collected in 2000 and 2001. Isolate ATCC36864 was collected in Illinois in 1979 (Yeh and
Sinclair 1979), isolate PR was collected in Puerto Rico before 1989 (Pathan and Sinclair 1989),
and isolate NC was collected in North Carolina in 1994 (R. G. Upchurch, North Carolina State
University, Raleigh; personal communications). It is possible that population structure in C.
kikuchii changed during this period, and clades A and B were established as the dominant
lineages in Louisiana. Cercospora leaf blight and purple seed stain became much more severe in
Louisiana since 1998. This may be attributable to a recent dominance by these lineages.
In a previous study (Chapter I), only one of six multi-member VCGs included isolates
from both soybean leaves and seeds, while the other five VCGs included isolates only from
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leaves or seeds. This suggests that leaf and seed populations of C. kikuchii have different VCG
compositions, with isolates in some VCGs more likely to infect soybean leaves, and isolates in
other VCGs being better adapted to seed infection. In this study, we demonstrated that plant
tissue had a small but significant impact on pathogen genetic composition (Table 2.2).  Detailed
analysis showed that allele frequencies at eight loci were significantly different between leaf and
seed populations. Differentiation between these two populations was less apparent in the
UPGMA phenogram (Fig. 2.2). Except in clade D, which included a single isolate, both leaf and
seed isolates were in the other three clades. In the two major clades that included more than 90%
of the isolates, leaf isolates dominated clade A, and clade B included more seed isolates.
Four genes, intergenic transcribed spacer regions of rDNA, actin gene, b-tubulin gene,
and EF-1a gene, were screened in a previous study to examine genetic relationships between and
within VCGs in C. kikuchii (Chapter I). Sequences of these genes from a few isolates in different
VCGs did not reveal any variation. Based on RAPD and MP-PCR data, isolates of C. kikuchii in
the same VCG were not clustered together according to VCG. However, isolates in the same
VCG did show a tendency to be closely related. In VCGs 01, 05, and 06, two of three isolates in
each of these VCGs were grouped together according to VCGs (Fig. 2.3). Two isolates in VCG
05 shared the same haplotype. Genetic differences between leaf and seed populations were likely
caused by their difference in VCG composition.
In Fusarium oxysporum, VCG is a good indicator of evolutionary lineage among
different formae speciales. Based on various molecular markers, isolates in the same VCG were
closely related and were usually represented as a separate clade in cluster analysis (e.g. Elias and
Schneider 1992, Marlatt el al 1996, Cai et al 2003, Appel and Gordon 1996, Koenig et al 1997).
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Isolates of C. kikuchii showed higher within-VCG diversity. Although some isolates in the same
VCG were closely related, none of the six VCGs formed a separate clade.
 In a sexually reproducing fungus, isolates in different VCGs can exchange genetic
material through sexual recombination, and therefore isolates with different genetic backgrounds
may exist in each VCG. At the moment the sexual stage is lost, VCGs become genetically
isolated subpopulations, and isolates in each VCG serve as the ancestral strains for all isolates
that occur later in this VCG. Members of each VCG will be lost because of genetic drift and/or
selection. As time passes, VCGs will become less diverse, and in the extreme, they will appear to
be clonal (Leslie 1990, 1993). In a previous study (Chapter I), we proposed that C. kikuchii has a
covertly functioning sexual stage, or it was lost recently, based on the large number of VCGs
identified in a relatively small collection.  The higher within-VCG diversity in this fungus is in
agreement with this hypothesis. If the fungus has a sexual stage that functions at a low rate,
VCGs would not be completely isolated, and sexual recombination between isolates in different
VCGs would bring new genetic recombinants into VCGs. The net effect would be an increase in
within-VCG diversity. If the sexual stage was lost recently, progenies of certain ancestral
strain(s) would become more dominant in a VCG by chance or selection advantage, but
evolution may not have had enough time for progenies of other ancestral strains to become
extinct.
Multilocus gametic disequilibrium tests provided the most convincing evidence that a
sexual stage exists in C. kikuchii. The null hypothesis of random mating was not rejected in clade
B, but it was rejected in other clades. This suggests that sexual recombination still functions in
one lineage in C. kikuchii, but not in other lineages. It is likely that mating type genes were lost
in some ancestral strains, and their progenies formed the asexual lineages. Clade B is the most
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dominant lineage in Louisiana, which suggests that sexual reproduction has an advantage in
survival and/or propagation. Isolates from other locations were not in clade B. This may be
because only a few isolates from those locations were included in the study, and they did not
represent the dominant lineage(s) in those locations. These findings suggest another possibility:
certain strain(s) in C. kikuchii regained sexual reproduction capability through reverse mutation
or other mechanisms. Because sexual reproduction gave it an advantage in selection, its progeny
became established as the dominant lineage. Fifteen of the 16 isolates in multi-member VCGs
were in clade B, and sexual reproduction is likely responsible for this high within-VCG diversity.
Because some isolates in the same VCGs were closely related, we conclude that sexual
recombination likely occurs at a low rate. This may explain why the sexual stage has not been
observed for this fungus.
Knowledge of population structure in C. kikuchii will greatly help our effort in cultivar
screening and disease management. Previous studies showed that some cultivars were more
resistant to leaf and/or seed infections (e.g., Orth and Schuh 1994, Roy and Abney 1976, Walters
1980, Wilcox et al 1975). However, without knowledge of the population structure in the
pathogen, these cultivars might not be tested with isolates representing different lineages. It is
important to know whether a cultivar responds differently to isolates in different lineages. In the
next study, we addressed this issue by testing soybean cultivars with isolates from clades A, B,
and D.
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Chapter III:
Screening Commercial Soybean Cultivars for Resistance to Cercospora Leaf Blight
with Representative Isolates from Different Genetic Lineages of the Causal Agent,
Cercospora kikuchii
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Introduction
Cercospora leaf blight of soybean (Glycine max (L.) Merr.) is caused by Cercospora
kikuchii (Matsumoto & Tomoyasu) M. W. Gardner (Murakishi 1951, Walters 1978, 1980).  This
fungus also infects soybean seeds, where it causes purple seed stain (Gardner 1926, Suzuki
1921).
Under field conditions, symptoms of Cercospora leaf blight start to appear on upper
leaves exposed to sunlight at the beginning of seed set.  Leaves take on a light purple, leathery
appearance, followed by reddish purple, angular-to-irregular lesions on both the upper and the
lower surfaces. Numerous infections cause rapid chlorosis and necrosis of leaf tissue, resulting in
defoliation starting with the younger upper leaves.  Cercospora leaf blight is an economically
important disease, and substantial yield losses have been reported. In the United States, losses
were estimated at 130.5 million bushels in 1978 and 18.4 million bushels in 1979 in 15 southern
states (Sturgeon 1979, 1980). In Brazil, 15-30% yield losses were reported (Hartman et al 1999).
Soybean cultivars were screened for resistance to Cercospora leaf blight in previous
studies (Orth and Schuh 1994, Walters 1980), and tested cultivars showed different levels of
resistance, but complete resistance was not observed. These cultivars were tested with only one
or a few isolates. We identified four lineages, clades A-D, in C. kikuchii (Chapter II). It is of
great importance to address whether cultivars react differently to isolates in different lineages of
the pathogen.  If they do, and the tested isolates do not represent all (local) lineages, then
resistance in greenhouse tests may not be durable under field conditions.
C. kikuchii produces a phytotoxin, cercosporin (Kuyama and Tamura, 1957). The reddish
purple colored toxin absorbs light and transfers the energy to oxygen, thereby producing singlet
oxygen and superoxide ion, which are toxic to cells (Hartman et al 1988).  Cercosporin plays a
critical role in the ability of C. kikuchii to infect soybean plants. Mutants of an isolate of C.
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kikuchii that did not produce cercosporin failed to induce symptoms when inoculated onto
soybean plants (Upchurch et al 1991). Cercosporin also is an important factor in other diseases
caused by cercosporin-producing Cercospora species (reviewed in Daub and Ehrenshaft 1997).
In this study, we screened six commercial soybean cultivars for resistance to Cercospora
leaf blight. Isolates in different lineages of the pathogen were included, and resistance of
cultivars to these isolates and lineages was separately tested. Soybean leaves were treated with
cercosporin to test whether different resistance levels of cultivars to Cercospora leaf blight were
related to their resistance to the toxin.
Materials and Methods
Greenhouse plant production. Based on field observations in 2000, six soybean
cultivars, HBK R5588 (Hornbeck Seed Co. Inc., DeWitt, AR), AG5701 (Asgrow Seed Co.,
Stuttgard, AR), DP 5806 RR (Delta and Pine Land Co., Scott, MS), TV59R85 (Terral Seed Inc.,
Lake Providence, LA), SS RT 6299N (Southern States Coop., Richmond, VA), and DP 6880 RR
(Delta and Pine Land Co.), were included in the tests. The first four cultivars are in maturity
group (MG) V, and the last two are in MG VI. Three seeds of each cultivar were planted in 1-
liter plastic pots containing a mixture of stream-disinfested soil: sand: Jiffy Mix (Jiffy Products
of America, Inc., Batavia, IL), 1:1:2 (v/ v/v). Plants were fertilized with slow-release fertilizer
(Osmocote, Marysville, OH). After 10 days, plants were thinned to one plant per pot.
Inoculum production. Nineteen isolates of C. kikuchii were included in this study. Four
isolates were in clade A, 10 were in clade B, and five were in clade D (Chapter II). Nine isolates,
three in clade A, five in clade B, and one in clade D, were from soybean leaves. The other 10
isolates were from soybean seeds. Isolates were maintained on potato dextrose agar at 4 oC. Each
isolate was transferred from the stock culture to a 10-cm diameter plate containing 25 ml V8 agar
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(El-Gholl et al., 1982) amended with 5 g dried, senescent soybean leaf powder per liter (V8-
SSLP). Plates were incubated at 26 oC under a 16-hr photoperiod (fluorescent lights) for 6 days.
Colonies were flooded with 10 ml sterile distilled water and rubbed with a glass rod. Half a
milliliter of this conidial and mycelial suspension was used to inoculate each V8-SSLP plate.
The plates were gently shaken to distribute the suspension across the agar surface. After
incubation as described above, conidia in each plate were harvested in 20 ml sterile distilled
water amended with 0.3% Tween 20 by gently rubbing the colonies with a glass rod. Conidial
suspensions were strained through two layers of cheesecloth to remove mycelial clamps. The
two-transfer procedure ensured high conidium yield. Conidial concentrations were determined
with a hemacytometer and adjusted to 2 x 105 / ml.
Inoculation. Soybean plants were inoculated at the V3 growth stage (Fehr et al. 1971).
Conidial suspensions from each isolate were separately atomized onto soybean leaves from all
directions until runoff. After inoculation, plants were placed in a moist chamber built with
transparent plastic sheets on greenhouse benches. Plants inoculated with different isolates were
placed approximately 0.7 m apart to avoid cross-contamination. A plastic water tank was placed
between groups of plants to increase humidity. The moist chamber was closed at 6:00 PM and
opened at 10:00 AM every day. After the chamber was closed, plants were sprayed with a fine
mist for 30 seconds. Daily average temperatures in the chamber ranged from 20 to 28 oC at night
and 25 to 35 oC during the daytime, and relative humidity ranged from 90% to 100% when the
chamber was closed and 40% to 90% when the chamber was open. After 7 days, the plastic
sheets were removed, and plants were kept on the bench to allow for disease development.
Leaves above the second trifoliolate leaf were removed every 3 days so that the inoculated leaves
received direct sunlight. Disease severity was visually assessed on the two inoculated trifoliolate
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leaves with a standard area diagram (key no. 2.4 in ref. 11) 21 days after inoculation. The
experiment was conducted three times. Five plants from each cultivar were inoculated with each
isolate in two tests, and four plants were used in the third test.
Leaf disk assay.  When plants were at V3 growth stage, leaf disks (20 mm diameter)
were cut from the two fully developed trifoliolate leaves with a sterile cork borer. Leaf disks
were disinfested in a solution containing 46.5% ethanol and 2.6% sodium hypochlorite for 20
seconds, rinsed in sterile distilled water three times, and air dried in a laminar flow hood. Six
leaf disks, one from each cultivar, were placed in a 10 cm-diameter petri dish containing 25 ml
1% water agar amended with 50 ppm benzimidazole (Sigma, St. Louis, MO). Leaf disks were
lightly pressed to maintain close contact with the agar. A 10 µl drop of conidial suspension (2.0
x 105/ml) was placed in the center of each leaf disk. Leaf disks in one plate were inoculated with
the same isolate to avoid contamination. Sterile distilled water was used for the control, and five
plates were used for each isolate and control. Plates were randomized and incubated under a 12-
hr photoperiod (fluorescent light intensity 6,200 lux) at 27 oC under light and 23 oC in darkness.
Eighteen days after inoculation, plates were photographed with a digital camera and the
proportion of each leaf disk showing symptoms was measured with an image analysis software
package (ASSESS; L. Lamari, Department of Plant Science, University of Manitoba, Winnipeg,
Canada). The experiment was conducted twice.
Cercosporin toxicity assay. Cercosporin was extracted and purified according to a
previously published procedure with some modifications (Balis and Payne 1971, Batchvarova et
al 1992). Mycelium from a 6-week-old culture of C. kikuchii growing under daylight in potato
dextrose broth was lyophilized and ground into a powder. Cercosporin was extracted with
acetone and ethyl acetate. It was purified by passing through a dry hydroxyapatite column with
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chloroform : methanol (98.5 : 1.5) as the elution buffer. Purity was checked by thin-layer
chromatography on silica gel G plates with a cercosporin standard (Sigma). The concentration of
cercosporin was determined with a spectrophotometer (Spectronic 601; Milton Roy, Rochester,
NY) using the molar extinction coefficient of 23,600 M-1cm-1 at A473nm (Yamazaki and Ogawa
1972). Purified cercosporin was dissolved in acetone and stored at -20 oC in darkness.
Cercosporin toxicity was tested by plating leaf disks on water agar (1%) containing 50
µM cercosporin. Cercosporin in acetone stock was added to the medium after it was autoclaved
and cooled to approximately 50 oC. Final acetone concentration was 3%. Water agar containing
3% acetone was used as the control. Leaf disks (20 mm diameter) were cut from two fully
developed trifoliolate leaves from soybean plants at V3 growth stage. Six leaf disks, one from
each cultivar, were placed in each plate (10 cm diameter) containing 25 ml medium. To
facilitate uptake of cercosporin, leaf disks were pierced three times with a fine needle and
lightly pressed to maintain close contact with the agar. Plates were randomized and incubated
under 12-hr photoperiod (light intensity 6,200 lux) and 27 oC under light and 23 oC in darkness.
Nine days after inoculation, plates were photographed with a digital camera and the proportion
of each leaf disk showing symptoms was measured as described above. The experiment was
conducted twice with five replicates in each test.
Statistical analysis. The computer program Minitab, release 13 (Minitab Inc., State
College, PA), was used for statistical analyses. The general linear model was used in analysis of
variance (ANOVA), and significance between means was tested using Tukey’s pair-wise
comparison test (P=0.05).
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Results
Greenhouse inoculation.  Examples of leaf symptoms are shown in Fig. 3.1. Pinpoint,
reddish purple spots (Fig. 3.1B) appeared on inoculated leaves 6-7 days after inoculation. The
spots later enlarged to angular-to-irregular lesions, and several lesions coalesced to form necrotic
areas (Fig. 3.1C and D). Chlorosis was observed in the surrounding areas. Only a few leaves
developed a light purple, leathery appearance (Fig. 3.1E ). Veinal necrosis and lesions on
petioles were observed in some plants.
Disease severity ranged from 3.9% in cultivar AG5701 to 9.9% in cultivar DP 6880 RR
(Fig. 3.2A). Significant differences were detected among cultivars (P = 0.000). Tukey's pair-wise
comparison tests divided the six cultivars into three groups (Fig. 3.2A). The most resistant group
(a) included cultivars AG5701 and TV59R85 (disease severity 4.32%). The least resistant group
(c) included cultivars HBK R5588 (8.68%) and DP 6880 RR, but the former was not
significantly differentiated from the two cultivars that showed mid-level resistance, DP 5806 RR
(8.24%)and SS RT 6299N (8.32%). Comparison between MGs showed that MG V (6.30) was
significantly more resistant than MG VI (9.09) (P = 0.000).
Significant differences were detected among different genetic lineages of the pathogen.
Average disease severity caused by isolates in clade D (10.25%) was significantly higher than
those caused by isolates in clades A (6.24%) and B (6.12%) (P = 0.000) (Fig. 3.3A).The latter
two were not significantly different (P = 0.96). Detailed analyses of individual isolates showed
that two of five isolates in clade D were significantly more virulent than all or most isolates in
clades A and B (Fig. 3.3B). Significant differences also were detected within each clade. Leaf
isolates (average disease severity 7.25%) were not significantly differently from seed isolates
(7.22%) in virulence (P = 0.93).
65
Fig. 3.1. Examples of leaf symptoms of Cercospora leaf blight of soybean in greenhouse
inoculation tests. A, control; B, pinpoint, reddish purple spots; C and D, spots enlarged to
angular-to-irregular lesions, and several lesions coalesced to form necrotic areas, with
chlorosis in the surrounding areas; and E, leaves showing a light purple, leathery appearance.
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Fig. 3.2. Resistance of six soybean cultivars to Cercospora leaf blight in greenhouse inoculations
(A) and leaf disk assays (B), and to cercosporin (C). Cultivars 1-6, HBK R5588, AG5701, DP
5806 RR, TV59R85, SS RT 6299N, and DP 6880 RR, respectively.  Disease severity was
measured as percentages of leaf or leaf disk area showing symptoms. Toxicity of cercosporin
was measured as percentages of leaf disk area showing necrosis and chlorosis. Values (bars)
labeled with the same letter were not significantly different (P = 0.05). None of the values in C
were significantly different (P = 0.05).
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Fig. 3.3. Average disease severity on six soybean cultivars caused by different lineages (A)
of Cercospora kikuchii and individual isolates (B). Clades A, B, and D are different lineages
in C. kikuchii (Chapter II).  Disease severity was measured as percentages of leaf area
showing symptoms. Values (bars) labeled with the same letter were not significantly
different (P = 0.05).
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Leaf disk assay.  Disease severity observed in leaf disk assay was lower than that in
greenhouse tests. It ranged from 1.55% in cultivar DP 6880 RR to 3.89% in cultivar SS RT
6299N. Results from leaf disk assay were not correlated with greenhouse tests (R = -0.186). The
most susceptible cultivar in greenhouse tests, DP 6880 RR, had the lowest disease severity in the
leaf disk assay. The two most resistant cultivars in greenhouse tests, AG5701 and TV59R85,
were not significantly different from any other cultivars in leaf disk assay (Fig. 3.2B).
Cercosporin toxicity assay. Cercosporin induced necrosis at the edge and entry wounds
with chlorosis in the surrounding areas. A few leaves in the controls also developed small areas
of chlorosis. The average percentages of leaf areas showing chlorosis in the control for each
cultivar were subtracted from those treated with cercosporin. Significant differences were not
detected among cultivars (P = 0.472) (Fig. 3.2C).
Discussion
In our attempts to induce symptom development in the greenhouse, we created
interrupted dew periods for 7 consecutive days after inoculation, a condition that is common in
the field, and foliar symptoms were similar to those observed in the field. Soybean plants were
inoculated at the V3 growth stage and disease severity levels observed in this study were similar
to those reported by Orth and Schuh (1994), who inoculated 17 soybean cultivars at the same V3
growth stage. Walters (1980), who tested soybean cultivars at the V1 growth stage, reported
much higher disease severity. We also observed much more disease on the unifoliate leaves.
Two cultivars were significantly more resistant to Cercospora leaf blight than the other
four cultivars. Whether the higher resistance of these cultivars will hold under field conditions
remains to be tested. If they are as well more resistant in the field, these cultivars can serve as
starting materials for disease-resistance breeding program. Previous studies showed that
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resistance to leaf infection was not related to resistance to seed infection (Walters 1980, Orth and
Schuh 1994). It is necessary to test whether these two cultivars are resistant to purple seed stain.
Light is an important factor in the development of Cercospora leaf bight. Cercosporin, a
critical pathogenesis factor (Upchurch et al 1991), is not toxic to plant cells in darkness (Daub
1982, 1982). In this study, we removed leaves above inoculated leaves so that they could receive
direct sunlight. Much less disease was observed in preliminary tests in which these leaves were
not removed (data not shown).
MG V was significantly more resistant to cercospora leaf blight than MG VI. However,
because only a few cultivars were included in these tests, significant differences in disease
severity between these two MGs, other than being attributed to differences in MG, may be the
result of more susceptible cultivars being chosen in MG VI as compared to MG V.
It is surprising that clade D was the most virulent lineage because it was not the dominant
lineage in C.  kikuchii, and only seven of 161 isolates from Louisiana were in this lineage
(Chapter II). Assuming that higher virulence confers a selective advantage, it is logical that the
most virulent lineage should have been dominant. It is likely that this lineage has competitive
disadvantages in other aspects, such as capabilities to produce a large number of progeny, to
disseminate conidia over long distance, and/or to survive in the absence of live soybean plants.
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Cercospora kikuchii (Matsumoto & Tomoyasu) M. W. Gardner infects leaves, stems, and
pods of soybean (Glycine max (L.) Merr.), where it causes purple seed stain and Cercospora leaf
blight. Cercospora leaf blight has been severe in Louisiana since 1998, but little is known about
the genetic composition of the pathogen. In this study, we examined population structure in C.
kikuchii, then representative isolates in different lineages were used to screen commercial
soybean cultivars for resistance.
∑ Vegetative compatibility groups in C. kikuchii. Nitrogen nonutilizing mutants were used
to assess vegetative compatibility of 58 isolates of Cercospora kikuchii, 55 of which were
isolated from soybean plants in Louisiana. Two isolates were vegetatively self-incompatible.
Sixteen of 56 self-compatible isolates were assigned to six multi-member vegetative
compatibility groups (VCGs), 01-06, with two or three isolates in each VCG.  The other 40
isolates were not vegetatively compatible with any isolates other than themselves.  All six multi-
member VCGs contained isolates from different soybean cultivars, and three included isolates
from different locations. Only one VCG included isolates both from soybean leaves and from
seeds, while two and three multi-member VCGs included isolates only from leaves or from
seeds, respectively.
∑ Genetic lineages in C. kikuchii. Population structure of C. kikuchii was further examined
in 164 isolates, 161 of which were from Louisiana, with random amplified polymorphic DNA
(RAPD) and microsatellite-primed PCR (MP-PCR). In the clustering analysis, isolates from
Louisiana were grouped into four lineages, clades A-D. Clades A-C were further grouped into a
large clade (ABC) with moderately strong bootstrap support. Clade B was the most dominant
lineage in Louisiana. Only seven isolates from Louisiana were in the lineage that included all
three isolates from outside sources, clade D. Multilocus gametic disequilibrium tests did not
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reject the null hypothesis of random mating in clade B, but it was rejected in Clades A and D and
the total collection. Some isolates within a VCG were closely related, but isolates within a VCG
were not clustered together according to VCG in general.
∑ Genetic relationships within and between VCGs. Four genes, intergenic transcribed
spacer regions of rDNA, actin gene, b-tubulin gene, and EF-1a gene, were screened to examine
genetic relationships between and within VCGs in C. kikuchii. Sequences of these genes from a
few isolates in different VCGs did not reveal any variation. Based on RAPD and MP-PCR data,
isolates of C. kikuchii in the same VCG were not clustered together according to VCG. However,
isolates in the same VCG did show a tendency to be closely related. In VCGs 01, 05, and 06, two
of three isolates in each of these VCGs were grouped together according to VCGs. Two isolates
in VCG 05 shared the same haplotype.
∑ Differentiation between populations.  As mentioned above, only one of six multi-member
VCGs included isolates both from soybean leaves and from seeds, while two and three multi-
member VCGs included isolates only from leaves or from seeds, respectively. This suggests that
C. kikuchii populations from soybean leaves and seeds have different VCG compositions, with
isolates in some VCGs being more likely to infect soybean leaves, while isolates in other VCGs
being better adapted to seed infection. Based on analysis of molecular variance of RAPD and
MP-PCR data, leaf and seed populations were significantly different. Plant tissue has a small but
significant effect on the pathogen genetic composition. In the clustering analysis, both leaf and
seed isolates existed in each lineage, except the single-isolate lineage, clade C. In the two major
lineages (clades A and B) that included more than 90% of the isolates, leaf isolates dominated
clade A, and clade B included more seed isolates. Genetic differences between leaf and seed
populations were likely caused by their difference in VCG composition.
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Isolates from different host cultivars or different locations in Louisiana were not
significantly different, but the Louisiana population was significantly different from isolates
collected outside the state. Clustering analysis based on RAPD and MP-PCR data showed that
only a very small percentage (7/161) of isolates from Louisiana were closely related to those
from outside the state.   
∑ Possible sexual stage in C. kikuchii. High VCG diversity and isolates not clustering
according to VCGs suggest that C. kikuchii has a covertly functioning sexual stage. Multilocus
gametic disequilibrium tests on RAPD and MP-PCR data failed to reject the null hypothesis of
random mating in clade B, but it was rejected in other clades and the total collection. This
suggests that sexual recombination likely still functions in at least one lineage in C. kikuchii. It is
likely that mating type genes were lost in some ancestral strains, and their progenies formed the
asexual lineages. Another possibility is that certain strain(s) in C. kikuchii regained sexual
reproduction capability through reverse mutation in mating type genes or other mechanisms.
Because sexual reproduction presumably gave it an advantage in selection, its progeny became
established as the most dominant lineage, clade B.
∑ Host resistance and virulence of different lineages. Representative isolates in clades A, B,
and D were used to screen six commercial soybean cultivars, HBK R5588, AG5701, DP 5806
RR, TV59R85, SS RT 6299N and DP 6880 RR. Based on greenhouse inoculation tests, cultivars
AG5701 and TV59R85 were significantly more resistant than other cultivars, and cultivar DP
6880 RR was most susceptible. Results from leaf disk assays did not correlate with those from
greenhouse inoculation tests, and these cultivars were not significantly different in their
resistance to cercosporin. It is necessary to test the resistance to Cercospora leaf blight of these
cultivars under field conditions. Their resistance to purple seed stain should not be predicted
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based on their resistance to Cercospora leaf blight because previous studies showed that
resistance to leaf infection was unrelated to seed infection.
Clade D, a minor lineage in Louisiana, was significantly more virulent than the other two
lineages. Since higher virulence presumably has selective advantage, isolates in this lineage
likely have disadvantages in other aspects, such as capabilities to produce a large number of
progeny, to disseminate conidia over long distance, and/or to survive in the absence of live
soybean plants. Leaf and seed isolates of C. kikuchii caused similar disease levels in the foliage
of these cultivars.
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